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ABSTRACT 
This paper presents the economic optimization of shell and tube heat exchangers design approach through an artificial 
immune system algorithm for minimizing the cost. Since complex geometric parameters, with thermodynamic and fluid 
dynamic factors, consume more time and offer a minimum possibility for an optimum result in the case of conventional 
design, the design process becomes difficult. The proposed algorithm provides the designer with an optimum solution in 
less amount of time by analyzing three different case studies.  Three design variables such as shell internal diameter, tube 
outer diameter and baffle spacing from the different design parameters are taken into account for this optimization. The 
results are weighed against those obtained by various researchers. 
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Mechanical Engineering and equipement design  
SUBJECT  CLASSIFICATION 
Heat tranasfer equipment design and optimization  
TYPE (METHOD/APPROACH) 
The  Artificial Immune System optimation technique is used to economic design of a shell and  tube  heat exchenger and 
compared to other optimization techniques.   
INTRODUCTION  
Heat exchanger is a device built to transfer heat from hot fluid to cold fluid. Apart from the various types of heat 
exchangers, Shell and Tube Heat Exchangers (STHEs) are popularly used in various industries such as process 
industries, refrigeration, power plants, power condensers, oil coolers, chemical and petroleum industries as shown in fig.1. 
The design of STHEs is a complex process as it includes thermodynamic and fluid dynamic design, cost estimation and 
optimization. The designer should have experience in various fields to design an optimum STHE [6-8].   
 
Fig.1. Typical diagram of shell and tube heat exchanger (one tube and one shell pass) 
The heat exchanger fulfills the heat duty requirement with optimum design. To design new equipment, reference 
geometric configurations of the equipment and the permissible pressure drop have to be fixed. Then, to define the new 
design parameters, the design specifications and the assumption of numerous mechanical and thermodynamic 
parameters are considered. The pressure drop and heat transfer rates are inter-reliant responsibilities on STHEs and 
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influence the design. The designer’s choices are verified based on iterative procedures involving many trials until a 
reasonable design is obtained [1, 9]. 
When the designer is free to select the pressure drop, an economic analysis can be made to determine the exchanger 
design which gives the lowest operating costs, taking into consideration both capital and pumping costs. However, a full 
economic analysis is sensible for very large, expensive, exchangers [2]. Due to the important role of STHEs in industries, 
there are several earlier studies on the optimization of heat exchangers. Numerous investigators have used to sort the 
optimum parameters of STHEs with the help of various optimization techniques for different objective functions. The 
optimization procedure involves selection of the major geometric parameters such as baffle spacing, baffle cut, number of 
tubes, internal and external diameter of shell and tube, types of head, length of the exchanger, tube layout, allocation of 
fluid, pressure drop in both shell and tube side. The selection methods of geometric and operational parameters are 
typically recommended by design codes [8]. Graphical analysis of the search space [11], mixed integer nonlinear 
programming [12, 13], systematic screening of tube count tables [14, 15],  Simulated Annealing Algorithm (SAA) is done to 
optimize the heat transfer area and overall cost [16]. Some studies are based on artificial intelligence techniques for 
optimization of shell and tube heat exchangers.  Genetic Algorithm (GA) is used to determine the optimum design 
variables of STHEs considering pressure drop as constraint and cost estimation as objective function [6, 17]. Differential 
Evolution (DE) is applied to estimate the optimal heat transfer area and overall cost through optimal design parameters of 
STHEs [17] where as Particle Swarm Optimization (PSO) minimizes total annual cost by achieving optimal design 
parameters of STHEs[19]. While a single parameter like baffle spacing is taken into consideration in some cases 
[21,22,23] others optimized a variety of operational and geometrical parameters.  A procedure to minimize the total cost of 
the equipment, including capital investment and the sum of discounted annual energy expenditures related to pumping; by 
employing a genetic algorithm, is proposed for optimal design of shell and tube heat exchangers. 
As seen above literature, the Artificial Immune System (AIS) is not found in the design and optimization of shell 
and tube heat exchanger. Three case studies specifying significant cost reductions with respect to traditionally designed 
exchangers are taken into consideration for demonstrating the effectiveness and accuracy of the proposed algorithm. The 
results, which are previously published, obtained by various other optimization techniques are compared with the results of 
the proposed algorithm to prove its effectiveness for the same objective function. This study also points out the influencing 
parameters of STHEs for economically optimized design. 
2. Overview of Artificial Immune System (AIS) Algorithm  
In the past few years, researchers showed great interest in studying nontraditional optimization techniques 
inspired by nature that gained popularity in the field of combinational optimization. AIS is one such technique inspired by 
the immune system of our body.  Some of the important systems are DNA computation, artificial neural networks, artificial 
immune systems and evolutionary computation [21,23]. The immune system is a compound of cells, molecules and 
organs which can perform various tasks, like recognition of pattern, learning, generation of diversity, noise tolerance, 
generalization, memory acquisition, optimization, uniqueness, recognition of foreigners, anomaly detection, distributed 
detection, imperfect detection and distributed detection.  
  AIS refers to a computational system influenced by theoretical immunology and observed principles, functions 
and models of immune that is used to solve engineering problems. The latest research works show the extensive usage of 
AIS in optimization, scheduling, anomaly detection, computer and its network security, pattern recognition and data mining 
[20, 37-39]. The effective mechanisms of an immune system, which are the clonal selection, learning ability, memory, 
robustness and flexibility make artificial immune systems useful for engineering problems. The proposed AIS is built on the 
clonal selection and affinity maturation principles. 
 The objective of the immune system is to protect human body from attacks by foreign organisms called antigens. 
The immune cells, antibodies, produced because of the intrusion of foreign organisms are able to recognize antigens and 
will increase rapidly in number through cloning. This process is called the clonal selection principle. A clone is the offspring 
cell that is the identical copy of parent cell [15]. 
 Affinity maturation is the process of mutation and selection of the variant offspring that accurately recognizes the 
antigen. The two basic mechanisms of affinity maturation are mutation and receptor editing. The mutation process causes 
structural changes in the cells and these changes may increase the affinity of the antibody. The immune system preserves 
these high affinity offspring cells. Owing to the cloning and mutation process, the affinity of the antibodies improved which 
results in antigen elimination. Due to the random nature of the mutation process, a large proportion of mutating genes 
become nonfunctional. These nonfunctional cells are deleted and are replaced with new receptors. This process is called 
receptors editing. The important features of AIS are recognition, variation, learning, memory, distributed perception and 
self-organizing. These features make AIS more superior than GA or any other method [15]. The main objective of AIS is to 
solve complex computational problems such as pattern recognition, optimization and elimination. This is an important 
difference between AIS and theoretical immune systems, when the first one is dedicated primarily to computing, the later 
one is subjected to the modelling of the immune system in order to recognize its behavior. The use of combination of the 
above approaches of the immune systems has resulted in the improvement of AIS [16]. 
In this work, AIS algorithm has been proposed to achieve optimal design of STHE. The general AIS algorithm consists of 
the following steps:  
Step 1:  Initialization: it refers to a creation of a random population of individuals, “P”. 
Step 2:  Affinity evaluation:  it is an evaluation where the affinity of each individual in the population is measured using:     
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ValueFunctionObjective
Affinity
1
  
Step 3:   Clonal selection: The n best individuals of the population based on the affinity measure are selected in this 
process. 
Step 4:  Clonal expansion:  As the name suggests, it clones the n best individuals of the population, proportional to the 
rate of cloning. The clone means an identical copy of the original string. (The clone size is an increasing function of the 
affinity measure.) 
Step 5:   Affinity maturation: It Mutates each clone to generate a matured antibody of the population and preserves the 
improved individuals for the next generation. 
Step 6: Meta dynamics: Here, R individuals with low affinity value with randomly generated new ones are replaced. The 
lower the affinity of cells, the higher is the probability of being replaced. This process introduces diversity into the 
population. 
Step 7:  Cycle: Step 2 to step 6 are repeated until the criteria is met. 
The flowchart of the heat exchanger designing procedure is given in Fig.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Flowchart of AIS approach in shell and tube heat exchanger design procedure 
3. Mathematical models 
3.1. Heat exchanger design formulations-Heat transfer coefficient 
3.1.1 Shell side Heat transfer coefficient 
 The shell side heat transfer coefficient (hs) of the segmental baffled shell and tube heat exchanger is computed 
from the following Kern’s formulation [9].     
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Where De denotes shell hydraulic diameter computed as [2, 9]  
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Where Res is the shell side Reynolds number and is computed from the following formulation   
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As is cross sectional area normal to the flow direction and determined by [2, 9]   
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Where C is clearance,  
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The flow velocity for shell side can be obtained from (7)   
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Prandtl number for shell side is computed from (8)  
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3.1.2 Tube side Heat transfer coefficient  
The tube side heat transfer coefficient (ht) is calculated from the following relationship[17].  
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Where ft is the Darcy friction factor [17] 
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Reynolds number of tube side (Ret) is calculated by   
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Flow velocity for tube side is found by  
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Where n is the number of tube passes and Nt is the number of tubes. Nt is determined by the following correlation (15)     
[1-3, 5]  
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Where C1 and n1 are constant values that are selected according to number of passes and tubes arrangement as 
exhibited in table 1 for different flow arrangements as shown in Fig.2. [2].  
Prt is the tube side Prandtl number and expressed by    
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Fig.2.Tube pitch arrangements a) Triangular b) Square 
3.1.3 Calculate overall heat exchanger surface area (A) and tube length (L) 
The overall heat exchanger surface area (A) is computed using Log Mean Temperature Difference (LMTD) approach. 
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The overall heat transfer coefficient (U) is found by using the following equation [2, 9] 
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The fouling resistances are assigned for the flow configuration based on fluid type and operating temperature [1, 4, 15]. 
The temperature difference correction factor [2] is calculated from the following equation,   
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Where R refers to the correction coefficient that is  given by 
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  and  P is the efficiency which is specified by   
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The heat transfer rate is given for sensible heat transfer by  
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Table 1 Values of C1 and n1 coefficients 
No.of 
passes 
 
Triangular tube pitch 
Pt = 1.25do 
Square tube pitch 
Pt = 1.25do 
C1 n1 C1 n1 
1 0.319 2.142 0.215 2.207 
2 0.249 2.207 0.156 2.291 
4 0.175 2.285 0.158 2.263 
6 0.0743 2.499 0.0402 2.617 
8 0.0365 2.675 0.0331 2.643 
3.2 Pressure drop 
 The pressure drop allowance in heat exchanger attributes to the static fluid pressure that can be expended to 
drive the fluid through the exchanger. Generally, heat exchangers possess adjacent physical and economical affinity 
between heat transfer and pressure drop. To maintain a constant heat capacity in the heat exchanger that is to be 
designed, an increase in the flow velocity leads to a rise in heat transfer coefficient which results in compact exchanger 
design and lower investment cost. Moreover, increase in flow velocity produces higher pressure drop in heat exchanger 
resulting in additional running cost. Hence, it is essential to consider along with heat transfer coefficient while designing a 
heat exchanger and the best solution for the system must be found.                      
The tube side pressure drop is calculated by taking into account the sum of the pressure spread along the tube length and 
concentrated pressure losses in elbows and in the inlet and outlet nozzles [9]   
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p is a constant and different values are assigned by different authors. Kern [9] assumed      p =4, while Sinnot et al [2] 
assumed  p =2.5 
The shell side pressure drop is  [9, 17]     
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The friction factor fs is obtained by using:   
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bo= 0.72  [18] valid for Res<40,000 
The equation that considers pumping efficiency (η) to compute pumping power is given below: 
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3.3. Objective function                       
To find the optimal design of the shell and tube heat exchanger, an economical design considers several 
technical variants. The Total cost Ctot  is considered as the objective function that includes capital investment (Ci), energy 
cost (Ce), annual operating cost (Co) and total discounted operating cost (CoD)[17]     
   I S S N  2 3 2 1 - 8 0 7 X 
    V o l u m e  1 2  N u m b e r 1 8  
   J o u r n a l  o f  A d v a n c e s  i n  c h e m i s t r y    
5045 | P a g e                                        
N o v e m b e r  2 0 1 6                                            w w w . c i r w o r l d . c o m  
 
)34(oDitot CCC   
The capital investment Ci is taken into account as a function of the exchanger surface adopting Hall’s correlation [14] 
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a
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Where a1= 8000, a2= 259.2, a3= 0.91 for exchangers made with stainless steel for both shell and tubes [41] 
 The following equations helps to compute discounted operating cost associated with pumping power to overcome 
friction losses: 
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 Considering the calculations above, the total cost is calculated from equation (34). The process is continued for 
computing the new value of exchanger surface area (A), exchanger length (L), total cost (Ctot) and an equivalent optimal 
exchanger design specifications. On every occasion, the optimization algorithm tends to change the values of the design 
variables do, Ds, and B to minimize the objective function.  
 The following upper and lower bounds for the optimization variables are instituted such as shell internal diameter 
(Ds) ranging between 0.1m and 1.5m, baffle spacing (B) ranging between 0.05m and 0.5m and tube outside diameter (do) 
ranging between 0.015m and 0.051m. The values of all the discounted operating costs are computed with ny = 10 yr, 
annual discount rate (i) = 10%, energy cost (Ce) = 0.12 €/kW h and annual amount of work hour H= 7000yr/h.   
4. Results and discussion  
 Three cases are considered from literature to check the effectiveness and validity of the recommended approach 
and the results have reliable reference sizing data for the sake of comparison. The following three different cases are 
considered to represent a wide range of possible applications. 
Case-1: methanol-sea water exchanger, 4.34 (MW) duty [2] 
Case 2: kerosene-crude oil exchanger, 1.44 (MW) duty [9] 
Case 3: distilled water- raw water exchanger, 2.09(MW) duty [2] 
 For every case mentioned above, the input to the described AIS algorithm is provided based on the original 
design specifications that are displayed in table 2. The result of the optimal design of exchanger obtained by AIS proposed 
algorithm is compared with the results obtained by Caputo et al. [17] who applied GA approach, Patel et al.[19] PSO 
approach, Sahin et al[17] ABC algorithm, Hadidi et al.[18] BBO approach and with original design solution specified by 
Sinnot et al.[2] and Kern [9] (shown in Tables 3,4,5). In order to allow a consistent comparison, cost functions of all three 
approaches are computed as described in Section 3.3 and all the values related to cost are taken from the work of Caputo 
et al. [9] who attempted all the case studies by GA approach. 
Table 2: Design specifications for different case studies [17] 
 
m 
(kg/s) 
Ti 
(
o
C) 
Ti 
(
o
C) 
ρ 
(kg/m
3
) 
Cp 
(kJ/kg.K) 
µ  
(Pa.s) 
K 
(W/mK) 
Rf 
(m
2
K/W) 
Case-1 
Shell side: Methanol 27.80 95.00 40.00 750 2.84 0.00034 0.19 0.00033 
Tube side: Sea water 68.90 25.00 40.00 995 4.20 0.00080 0.59 0.00020 
Case-2 
Shell side: Kerosene 5.52 199.00 93.30 850 2.47 0.00040 0.13 0.00061 
Tube side: Crude oil 18.80 37.80 76.70 995 2.05 0.00358 0.13 0.00061 
Case-3 
Shell side: Distilled water 22.07 33.90 29.40 995 4.18 0.00080 0.62 0.00017 
Tube side: Raw water 35.31 23.90 26.70 999 4.18 0.00092 0.62 0.00017 
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4.1. Case 1: Methanol-sea water exchanger, 4.34 (MW) duty 
 The original design assumed as an exchange with one shell side passage and two tube side passages with 
triangle pitch pattern is maintained in the present approach. Methanol acts as hot fluid and brackish water is the cold fluid. 
The results in Table 3 show that a significant increase in the number of tubes reduces the tube side flow velocity 
consecutively reducing tube side heat transfer coefficient. The reduction in shell diameter increases the shell side flow 
velocity and shell side heat transfer coefficient. The effect of higher shell side heat transfer coefficient increases the overall 
heat transfer coefficient and thereby reduces heat exchanger area and heat exchanger length in the case of AIS as 
compared to other algorithms. The capital investment is also decreased because of reduction in heat exchanger area. 
 The tube side heat transfer coefficient is reduced due to the decrease in Reynolds number which is varied based 
on the tube side velocity and tube internal diameter. The tube outer diameter diminishes to reduce the tube internal 
diameter which influences Reynolds Number. The tube side velocity is reduced by increasing the number of tubes. The 
tube side heat transfer coefficient is decreased by 33% (Original design), 31.3% (GA), 29.8 % (PSO), 33.2% (ABC), and 
50.5% (BBO). The reduction in equivalent diameter induces to reduce the shell side Reynolds number and increases shell 
side heat transfer coefficient. The shell side heat transfer coefficient is increased by 72.1% (Original design), 69.2% (GA), 
65.4% (PSO), 39.8% (ABC), and 61.1 % (BBO). The increment in overall heat transfer coefficient is 26.6 % (Original 
design), 21.2% (GA), 14.8% (PSO), and 0.7 %( ABC), 9.9% (BBO).           
 
Fig.4. Total cost in various algorithms (Case 1) 
The reduction in tube side flow velocity reduces the tube side pressure drop while the lower shell side flow 
velocity decreases the shell side pressure drop, which in turn decreases the annual pumping cost by 62.7% (Original 
design), 16.9% (GA), 24.2% (PSO), 22.5% (ABC) and 20.1 % (BBO). It represents the combined effect of capital 
investment and operating costs that has lead to a reduction in the total cost. The total cost value is reduced  by 22.8 %  in 
the case of Artificial immune system (AIS) algorithm compared to original design and also reduced by 9.9%(GA), 6.4 
%(PSO),1.9 %(ABC) and 1.5 %(BBO) respectively. Fig.4. describes the cost comparison of literature, genetic algorithm, 
particle swarm optimization, artificial bee’s colony, and biogeography based optimization, artificial immune system.  
4.2. Case 2: Kerosene - crude oil exchanger, 1.44 (MW) duty  
 In this case, kerosene and crude oil are used as hot and cold fluid respectively in the corresponding shell side 
and tube side heat exchanger. This heat exchanger comprises of four tube side passages coupled with a square pitch 
pattern and a shell side passage. This case results are shown in table 4, the tube side heat transfer coefficient has a direct 
deviation with tube side flow velocity. Similarly, the shell side heat transfer coefficient has a direct deviation with shell side 
flow velocity. Hence, the increase of the overall heat transfer coefficient is due to the combined increment in tube side and 
shell side heat transfer coefficient which reduces heat exchanger area and heat exchanger length in the case of AIS as 
compared to other algorithms. Both the tube side and shell side heat transfer coefficients are decreased according to 
reduction in Reynolds number effected by the diminution in tube side outer diameter and velocity. The tube side velocity 
diminishes when the numbers of tubes are increased. On comparison, overall heat transfer coefficient is enhanced by 
4.5% (Original design), 2.7 % (ABC), 4.3 % (BBO) and diminishes by 13.3% (GA), 23.3% (ABC).    
Increment in number of tubes decreases tube side velocity and tube length. It signifies the decrement in the tube side 
pressure drop. The shell diameter is increased by 59.5% compared to the original design. Compared to other approaches, 
it is higher by 52.2% (GA), 55.27% (PSO), 75.03% (ABC), and 43.8% (BBO) respectively. It is found to decrease shell side 
velocity which causes decrease in shell side pressure drop. The capital investment is also decreased because of reduction 
in heat exchanger area. The decrement in both tube side and shell side pressure drop leads to reduction in annual 
pumping cost. The combined effect of capital investment and operating costs reduces the total cost. Total cost value of 
Artificial Immune System (AIS) algorithm is reduced by 28.8 % (Original design) 5.2 % (GA), 3.4% (PSO), 4.8% (ABC) and 
2.8% (BBO). Fig.5. presents the cost comparison of present approach and other approaches. 
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Fig.5. Total cost in various Algorithms (case 2) 
4.3. Case 3: Distilled water- raw water exchanger, 2.09 (MW) duty 
In this case, distilled water and raw water are used as hot fluid and cold fluid respectively in corresponding shell 
side and tube side. This heat exchanger includes two tube side passages plus a triangle pitch pattern and one shell side 
passage. The results, given in table 5, show that Reynolds number decreases due to decrement of tube internal diameter 
and tube side flow velocity. Flow velocity diminishes while increasing the number of tubes which in turn leads to reduce 
the tube side heat transfer coefficient. Enriched shell diameter and compacted baffle spacing influence shell side pass 
area increment. The increase in shell side pass area leads to reduce shell side flow velocity and Reynolds number. The 
above denoted parameters influence shell side heat transfer coefficient decrement. In comparison, heat exchanger 
surface area is reduced by 15.6% (Original design), 55% (GA), 46.9% (PSO), 35.8% (ABC), and 38.3% (BBO). This has 
its impact on exchanger length in the case of AIS as compared to other algorithms. The capital investment also decreases 
due to reduction in heat exchanger area. 
 
Fig.6. Total cost in various Algorithms (case 3) 
The reduction in tube side flow velocity, tube length and internal tube diameter induces decrement of tube side pressure 
drop. The reduced shell side flow velocity, baffle spacing, tube length, enhanced shell diameter and shell hydraulic 
diameter decrease shell side pressure drop which increases the annual pumping cost. The combined effect of capital 
investment and operating cost reduces the total cost. The total cost value with artificial immune system (AIS) algorithm is 
reduced by 63.4% (Original design), 22.7 %( GA), 20.7 %( PSO), 17.1 % ( ABC) and 16.6 % (BBO).Fig.6.illustrates  the 
comparison of cost of the current approach and other methods.  
5. Conclusion 
Advanced optimization tools are highly instrumental in identifying the complex task of designing the best and 
cheapest heat exchanger for a specific purpose. This work proposes a solution method of the shell and tube heat 
exchanger design optimization problem based on the utilization of an Artificial Immune System (AIS). 
Based on proposed method, three test cases are solved by the completely developed computer code (Microsoft 
visual studio C#). The reduction of capital investment and savings in operating costs lead to overall decrease in total cost. 
Further, with reference to the available literature, the potential improvement of the proposed method is established. 
Furthermore, AIS technique endorses a rapid solution of the design problem and helps to examine a number of alternative 
solutions with good quality, giving the designer ample freedom in the final choice with respect to traditional methods. AIS 
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technique’s ability is demonstrated using different literature cases and it is found to be accurate and quick with respect to 
traditional algorithms method. The algorithm proposed here can help the manufacturer and engineers to optimize heat 
exchangers for engineering applications. 
Table 3: Total Cost in methanol - brackish water heat exchanger (Case 1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4:  Total Cost in kerosene and crude oil heat exchanger (Case 2) 
 
Original 
design 
GA PSO ABC BBO AIS 
DS  (m) 0.539 0.63 0.59 0.3293 0.74 1.319 
do  (m) 0.025 0.02 0.015 0.0105 0.015 0.0165 
B  (m) 0.127 0.12 0.1112 0.0924 0.1066 0.220 
Nt 158 391 646 511 1061 3184 
 
Original 
design 
GA PSO ABC BBO AIS 
DS  (m) 0.894 0.83 0.81 1.3905 0.801 0.869 
do  (m) 0.02 0.016 0.015 0.0104 0.010 0.0158 
B  (m) 0.356 0.5 0.424 0.4669 0.500 0.4473 
Nt 918 1567 1658 1528 3587 1726.49 
vt (m/s) 0.75 0.69 0.67 0.36 0.77 0.639 
Ret 14,925 10,936 10,503 - 7642.497 10,054.1 
Prt 5.7 5.7 5.7 - 5.7 5.7 
ht (W/m
2
k) 3,812 3,762 3721 3818 4314 2865.7 
st (m) 0.025 0.020 0.0187 - 0.0125 0.011246 
L (m) 4.83 3.379 3.115 3.963 2.040 2.418 
∆pt  (Pa) 6,251 4,298 4,171 3043 6156 4071.02 
ft 0.028 0.031 0.0311 - 0.034 0.0313 
as (m
2) 
0.032 0.0831 0.0687 - 0.0801 0.08 
de (m) 0.014 0.011 0.0107 - 0.007 0.0112 
vs  (m/s) 0.58 0.44 0.53 0.118 0.46 0.4767 
Res 18,381 11,075 12,678 - 7254.007 10,089 
Prs 5.1 5.1 5.1 - 5.1 5.08 
hs (W/m
2
k) 1573 1573 1,950.8 3396 2197 5643 
fs 0.33 0.357 0.349 - 0.379 0.352 
∆ps (Pa) 35,789 13,267 20,551 8390 13,799 14,564 
U (W/m
2
k) 615 660 713.9 832 755 837.95 
A (m
2
) 278.6 262.8 243.2 - 229.95 207.25 
Ci ( ) 51,507 49,259 46,453 44,559 44,536 44,980 
Co ( /yr) 2,111 947 1,038 1014.5 984 787.06 
Cod ( ) 12,973 5,818 6778.2 6233.8 6046 4836.144 
Ctotal ( ) 64,489 55,077 53,231 50,793 50,582 49,816.7 
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vt  (m/s) 1.44 0.87 0.93 0.43 0.69 0.17 
Ret 8227 4068 3283 - 2298 635.84 
Prt 55.2 55.2 55.2 - 55.2 55.2 
ht (W/m
2
k) 619 1168 1205 2186 1251 132.25 
st (m) 0.031 0.025 0.0187 - 0.0188 0.018 
L (m) 4.88 2.153 1.56 3.6468 1.199 0.84 
∆pt  (Pa) 49,245 14,009 16926 1696 5109 184.66 
ft 0.033 0.041 0.044 - 0.05 0.046 
as (m
2) 
0.0137 0.0148 0.0131 - 0.0158 0.0148 
de (m) 0.025 0.019 0.0149 - 0.0149 0.016 
vs  (m/s) 0.47 0.43 0.495 0.37 0.432 0.11 
Res 25,281 18,327 15844 - 13689 12876 
Prs 7.5 7.5 7.5 - 7.5 7.6 
hs (W/m
2
k) 920 1034 1288 868 1278 90.22 
fs 0.315 0.331 0.337 - 0.345 0.41 
∆ps (Pa) 24,909 15,717 21745 10667 15275 13879 
U (W/m
2
k) 317 376 409.3 323 317.75 332 
A (m
2
) 61.5 52.9 47.5 61.56 60.35 57.44 
Ci ( ) 19.007 17,599 16707 19014 18799 19213 
Co ( /yr) 1304 440 523.3 197.13 164.4 6.7532 
Cod ( ) 8012 2704 3215.6 1211.3 1010.25 41.515 
Ctotal ( ) 27,027 20,303 19922.8 20225 19810 19254 
 
Table 5: Total Cost in distilled water and raw water heat exchanger (Case 3) 
 
Original 
design 
GA PSO ABC BBO AIS 
DS  (m) 0.387 0.62 0.018 1.002 0.55798 1.307 
do  (m) 0.019 0.016 0.0145 0.0103 0.01 0.0175 
B  (m) 0.305 0.44 0.423 0.354 0.5 0.2827 
Nt 160 803 894 704 1565 2734 
vt  (m/s) 1.76 0.68 0.74 0.36 0.898 0.17 
Ret 36,409 9487 9424 - 7804 698.25 
Prt 6.2 6.2 6.2 - 6.2 6.2 
ht (W/m
2
k) 6558 6043 5618 4438 9180 101.96 
st  (m) 0.023 0.02 0.0187 - 0.0125 0.013 
L (m) 4.88 1.548 1.45 2.4 1.133 1.04 
∆pt (Pa) 62812 3673 4474 2046 4176 176.80 
ft 0.023 0.031 0.03144 - 0.0337 0.079 
as (m
2) 
0.0236 0.0541 0.059 - 0.0558 0.056 
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de (m) 0.013 0.015 0.0103 - 0.0071 0.0173 
vs (m/s) 0.94 0.41 0.375 0.12 0.398 0.087 
Res 16200 8039 4814 - 3515 3456 
Prs 5.4 5.4 5.4 - 5.4 5.4 
hs (W/m
2
k) 5735 3476 4088 5608 4911 4878 
fs 0.337 0.374 0.403 - 0.42 0.428 
∆ps  (Pa) 67684 4365 4271 2716 5917 2376 
U (W/m
2
k) 1471 1121 1176 1187 1384 474.76 
A (m
2
) 46.6 62.5 59.2 54.72 55.73 40.31 
Ci ( ) 16549 19163 18614 17893 18059 16067 
Co ( /yr) 4466 272 276 257.82 203.68 4.978 
Cod ( ) 27440 1671 1696 1584.2 1251 30.558 
Ctotal ( ) 43989 20834 20310 19428 19310 16098 
 
Nomenclature 
a1 Numerical constant (€)  P Pumping power (W) 
a2 Numerical constant (€/m
2
)  Prs Shell side Prandtl number  
a3 Numerical constant   Prt Tube side Prandtl number  
as Shell side pass area (m
2
)  Q Heat duty (W)  
A Heat exchanger surface area (m
2
)  Res Shell side Reynolds number 
B Baffle spacing (m)  Ret Tube side Reynolds number 
C Numerical constant  Rfs Shell side fouling resistance (m
2 
K/W) 
Ce Energy cost  (€/kW h)  Rft Tube side fouling resistance (m
2 
K/W) 
Ci Capital investment (€)  St Tube pitch (m) 
C Clearance (m)   Tci Cold fluid inlet temperature (K) 
Co Annual operating cost (€)  Tco Cold fluid outlet temperature (K) 
CoD Total discounted operating cost (€)  Thi Hot fluid inlet temperature (K) 
Cp Specific heat (J/kg K)  Tho Hot fluid outlet temperature (K) 
Ctot Total annual cost (€)  U Overall heat transfer coefficient (W/m
2 
K) 
C1 Numerical constant  vs Shell side fluid velocity (m/s) 
de Equivalent shell diameter (m)  vt Tube side fluid velocity (m/s) 
di Tube inside diameter (m)   ∆h Heat transfer difference (W/m
2 
K) 
do Tube outside diameter (m)   ∆P Pressure drop (Pa)  
Ds Shell inside diameter (m)   ∆P tube elbow Tube elbow Pressure drop (Pa)  
F Temperature difference correction factor   ∆P tube length Tube length Pressure drop (Pa) 
fs Shell side friction coefficient    
ft Tube side friction coefficient  Greek letters 
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H Annual operating time (h/yr)   µ Dynamic viscosity (Pa s) 
hs Shell side convective coefficient (W/m
2 
K)  ρ Density (kg/m
3
) 
ht Tube side convective coefficient (W/m
2 
K)  η Overall pumping efficiency  
i Annual discount rate (%)    
k Thermal conductivity (W/m
2 
K)  Subscripts 
L Tube length (m)  c Cold stream 
LMTD Logarithmic Mean Temperature Difference (K)   e Equivalent  
ms Shell side mass flow (kg/s)  h Hot stream  
mt Tube side mass flow (kg/s)  i Inlet  
n Number of tube passes  o Outlet  
n1 Numerical constant  s Shell side  
ny Equivalent life (yr)  t Tube side 
Nt Number of tubes  wt Wall 
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